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Abstract. Even if the mechanical performances of composite materials give new perspectives for 
the aircraft and space design, the variability of their behavior, linked to the presence of initial 
microscopic defects or led in service, constitute however a still important brake in their 
development. As regards particularly the response to fatigue loads or ageing, the behavior of these 
materials is affected by several sources of uncertainties, notably on the nature of the physical 
mechanisms of degradation, which are translated by a strong dispersion in life time. 
 In aerospace industry, low energy impact phenomenon is not well known concerning 
composite materials and composite structures. Many manufacturers use important safety factors to 
design structures. The aim of this work is to define the most predominant parameters which permit a 
good response of damage using experiences plans. The differences of these parameters by using 
Resin Transfer Molding (RTM) or Liquid Resin Infusion (LRI) process than prepreg one is also 
studied in this work. 
Introduction 
Nowadays, in aerospace industry, composite materials are used but their behavior is not well 
known. During their life in aerostructure, these materials are subjected to many different loads as 
maintainability impacts, hail, birds, and others. These loads can be classified according to their 
energies or strain speed, as shown on figure 1 and 2.  
 
 
 
 
Under dynamics loads or medium loads, the structure is affected and many damages are visible. In 
this case, this structure is automatically replaced. In case of quasi-static loads, the surface of the 
structure is few affected but damage can occur in it. The detailed inspection (DET) and General 
Visual Inspection (GVI) inspection do not reveal systematically these defects. 
 
 One of the main problems is to know how the structure responds on impact in terms of damage 
produced inside and residual strength after impact. The knowledge of the entire phenomenon which 
acts in this response is a good way to control it. First, we have to define these phenomena and all the 
parameters linked to them. Then, we have to understand how they act to choose the best 
configuration. To understand all the effects, we have to make experiments using a special test 
apparatus. For the low energy impacts, a drop weight machine is used, and for upper energies, a gas 
gun is used. Furthermore, we decided to know how the sample, impacted or not impacted, behave 
under fatigue loads. The aim is to understand how the damage will initiate for no impacted samples 
and how it will propagate for others.  
 State of the art.  
 
 Parameters acting on impact response.  
 
In its final report in 1998, the FAA [1] does a state of the art about parameters which can modify 
the impact response of composite structures. In its report they classify these parameters in three 
parts. One part of these reported to the impactor, another one of these reported to the target and a 
third one for parameters reported to the material and its manufacturing process.  
In 1992, Demuts and al. [2] compare 2 resin/epoxy systems: graphite / epoxy and graphite / BMI. 
They note that using the resin BMI doesn't give any advantage concerning residual strength in 
compression after impact. 
In 1994, Hitchen and al. [3] study the influence of the lay up on carbon/epoxy samples impacted 
by 7 J. They denote that the layup modifies the shape and the size of the delamination. It also 
modifies the energy level to initiate delamination. Besides, the layup acts on the structure strength 
before and after impact. 
In 1995, Hinrich and al. [4] work on the impact in composite panels, made by RFI (Resin Film 
Infused) process, under compression load. They denote that thinner is the sample, higher is the 
damage area. They also note that the contact force is affected by the shape and the speed of the 
impactor. The prediction of the contact force shall be done separating the kinetic energy in two 
energies : elastic energy and Hertz contact energy. 
In 1998, Fuoss and al. [5] decide to study the influence of the stacking sequence on the impact 
resistance of composites laminates varying three parameters: interface angle, ply orientation relative 
to a fixed axis and ply grouping. Concerning angle interface, they denote that increasing the number 
of angle interface reduces the damage area. For the ply orientation to a fixed axis, they note that 
changing the angle influences the impact response. Changing the stacking sequence changes the 
impact behaviour but each configuration is specific. Modifying specimen geometry or boundary 
conditions will change the impact response. It is noted that the ply grouping reduces the damage 
resistance and so, increases the damage area. 
In 1998, Ambur and Starnes [6] work on plane and curvative samples. They show that the radius 
of curvature doesn't act on the contact force but acts on the compression after impact residual 
strength.  
In 1999, Tai and al. [7] work on the influence of the thickness of composite on the response of 
impact and on its fatigue behaviour. They predict that a linear relation exists between the stress level 
and the life duration under fatigue load. 
In 2002, Cartié et al. [8] study the influence of resin and fiber properties. They use six carbon / 
epoxy composites: four different resins and two different fibers. Impact tests were done using a drop 
weight machine with a speed which varies between 1 and 3 m.s
-1
. They denote that, for CAI tests, 
resin toughness is the most significant parameter. Changing type of fiber does not alter or few alter 
compression after impact residual strength. Moreover, the type of resin acts on the level of damage 
initiation load after impact. 
In 2004, Mitrevski and al. [9] want to determine the influence of the impactor shape using three 
different shapes: flat, hemispheric and conic and two impact energies. They also use two different 
lay up for carbon/epoxy prepreg samples. They conclude that coarser is the indentation, higher is the 
absorbed energy by the coupon. The hemispheric impactor increases the peak contact force, 
decreases the contact duration and creates a smaller indentation. 
Currently, many approaches around materials are made. Instead of using only thermosetting 
resin, two components resins are used: thermosetting one with thermoplastic interleaving or 
particulate thermoplastic polymer are locally located in the resin [10, 11, 12, 13]. 
Many parameters act on the response of impact of composite structures. In most of cases, authors 
use prepreg to make their samples. To confirm that the same parameters act on RTM, as shown on 
figure 3, or LRI processes, as shown on figure 4, a decision to make a design of experiments with 
many parameters was done. 
Figure 1 : Principle of Resin Transfer Molding 
Figure 2 : Sample during Liquid Resin Infusion (LRI) process 
Fatigue 
Many investigations were carried out from fatigue loading on composite structure and their 
behaviour [14-20]. Most of these investigations show that fatigue behaviour of composite structure 
is a complex phenomenon. Many factors act on this behaviour, such as the loading level, the 
frequency, etc. However, few studies take into account the worsening character of compression 
during fatigue loading. Most of the pre-cited works deal with tension-tension fatigue loading. But, 
when a fatigue cycle takes into account compression, local or global buckling shall appear [21] and 
initiate in a premature way damages.  
Concerning the damage development, many properties of the materials act on it. The 
inhomogeneous microstructure and the variable quality of many commercial composite materials 
[22], where there are small disparate porosities or cavities on it, the stiffness or strength of the 
composite lead to complex damage development and to different modes of failure like 
delaminations, disbondings, fibre breakage, etc [23].  
About the experimental procedure, Bathias, Behesty and Tai [24, 25, 7] consider that the most 
penalizing cyclic damage is fatigue under traction/compression. Moreover, they found that the 
component in compression of a loading in traction/compression must be important to show its effect 
on the life reduction after impact. Consequently they use a loading ratio of -1 between the minimum 
and maximum stress. 
In their works, Minnestyan, Philippidis and Post [26- 28] make a non exhaustive list of models 
which predict residual strength. Existing models as Sarkani et al., Broutman and Sahu, Schaff and 
Davidson, Hahn and Kim, Rotem, Yang et al.,interaction model, Sendeckyj, modified Broutman and 
Sahu model, modified Hahn and Kim, modified interaction model and non linear model were 
compared. Different types of coupons were tested and compared with numerical models. They note 
that most of them are not completely reliable concerning residual strength after fatigue. Some 
models correlate well with the experiment curves of life at the beginning while others correlate near 
fracture. The experimental results show that the dispersion of residual static strength increases with 
the accumulation of the damage during the increase in the number of endured cycles. Most of the 
cited models follow this trend.  
All the precited models and comparisons of them with experiments were carried out from 
prepreg Fiber Reinforced Plactics. None of them were compared with RTM-FRP or LRI-FRP. 
Testing methodology 
In order to do design of experiments, it has been decided to classify the parameters in 3 classes: 
process, materials and testing parameters. The first class includes the entire parameters which act 
during the manufacturing of the structure. The temperature of the resin, the temperature of the mold, 
the room temperature, the pressure, the time of polymerization, the time to reach the temperature of 
polymerization can be cited. All the data which can change or variable during the manufacturing can 
be integrated on the design of experiments. The second class involves the nature of the fibre, the 
tow, the density and the thickness of a ply, the basis weight, the different mechanical and chemical 
treatment of the fiber, the stacking sequence, the nature of the resin, the number of components of 
the resin. And for the third class, the weight and the shape of the impactor, the boundary conditions 
of the sample, the impact energy shall be parameters. The aim of the design of experiments (DoE) is 
to know the most important parameters acting on the impact response for two different processes: 
LRI (Liquid Resin Infusion) and RTM (Resin Transfer Molding). Two considerations in the 
building of the DoE are the fact that some parameters of these processes are different and that the 
direction of the resin injection is different. So it has been decided to build two DoE: one for LRI 
process and other one for the RTM one, keeping the same parameters for the materials (tow, basis 
weight, ...) and for the impact testing ( impactor weight, radius of impactor tap, ...) .  
As seen before, many parameters should be used in our Design of Experiments. In order to 
predict the influence of each parameter, the coupling between them and the curvature of the DoE, it 
has been decided to reduce the number of factors and so, the number of specimen to produce. Here 
is the general response of the DoE: 
2
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where Xi is the parameter i, Bi the influence of the parameter Xi, Bij the interaction between Xi 
and Xj, Bii the curvature of the plan and Y is the response. 
First, the way to reduce the high number of parameters for the material class has to be chosen. 
Nowadays, most of composite aerostructures are made with epoxy resin and carbon fiber. Moreover, 
only few resins are qualified for aircraft. Deciding to use only epoxy resin seems to be a good 
choice to reduce the number of parameters. Concerning fibers, we decided to choose carbon. 
Secondly, concerning intrinsic fiber parameter, the study shall be done varying parameters which 
are easy to change. Some parameters shall be changed in concert with suppliers on basis of the 
existing fibers. Moreover these parameters must be, as far as possible, independent from one to 
other. So we choose these four parameters: tow, basis weight, type of fiber, type of fabric. One more 
chosen parameter for the experiments plan is the powdering of the fabric. The aim of this parameter 
 is to predict the level of joining between the powder and the resin for LRI and RTM process. As we 
note in [Fuos98], the stacking sequence works on the impact response of composite structure. So it 
will be added in the design of experiments.  
 
On the implementation of composite materials, we will take as the basic the polimerization cycle 
of epoxy resin. This cycle is composed of 3 stages: temperature rise, polymerization step and 
decreasing temperature. For the first one and the third one, the speed will be introduced as 
parameter. But for the polymerization step, we add time and temperature.  
 
The main difference between the two processes is the pressure. LRI used a vacuum pressure 
while RTM use pressure. Each one will be a parameter for the concerned process. 
 
For each parameter, a field variation will be chosen using for each one 2 or 3 levels.  
 
To know how the structure reacts on impact, we have to make experiments. Low energy impact 
testing will be made on samples. We choose energy which will approximate the Barely Visible 
Impact Damage (BVID). So we will impact the samples using a drop weight impact tester (fig. 1) 
able to keep the drop weight after the first impact (brake). According to the AITM 1.0010, the 
measurements of samples are 100 mm * 150 mm with a thickness of 4 mm. Concerning the 
impactor, we will use one, made in steel, with hemispheric tap which weight 1 to 3 kg. This testing 
will take place on new samples and also on old samples, ageing under fatigue loading, impacted or 
not impacted. 
 
To define the influence of each parameter, we have to measure responses of the experiments plans. 
We decided to measure the health of the samples before impact, three-dimension geometry of the 
damage produced by impact, and residual mechanical properties. 
 
Figure 5 : Drop weight test machine 
 
Conclusions  and perspectives 
 The response of the DoE is a good way to understand low energy impact phenomenon. The 3D 
geometry and the reduction in mechanical properties will be a help in the design of composite 
aerostructures. This study will give a safety ratio taking into account the impact phenomenon. 
Also, this study is good start to evaluate the mechanical behavior of impacted composite 
structures under fatigue loading.  
Summary 
This study concerns composite structures and how they response to a low energy impact. The 
methodology used is based on a design of experiments (DoE). First, studying done works, a list of 
parameters acting on impact structure is made. These parameters should be classified on three 
groups: material, process and testing parameters. Three responses of the DoE are measured: material 
health, before and after impact loading, geometry of the produced damage and residual mechanical 
properties. The aim of this study is to understand the low energy impact phenomenon and how it act 
on impact repose of composite structure. 
The second work is to understand the behavior of the structure before and after low energy impact 
loading under fatigue loads. Different medium are used to follow the damage growth. 
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